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The Halasu area is located in the southeastern margin of the Chinese Altai in Xinjiang, China. It is part of
the Altaid orogenic collage where a number of porphyry-type CueMoeAu deposits have been discovered
in recent years. Geological mapping and drilling indicate the presence of various mineralized porphyritic
intrusions in the Halasu CueAu deposit, which is currently under exploration. UePb dating of zircon
crystals from four different mineralized porphyries reveals three signiﬁcantly different ages of magmatic
intrusion, i.e., ca. 372e382 Ma granodioritic porphyry and porphyritic granite, ca. 266 Ma quartz mon-
zonitic porphyry, and ca. 216 Ma quartz dioritic porphyry. ReeOs dating of molybdenite from veinlet-
dissemination ores in the granodioritic porphyry yields an age of mineralization of ca. 377 Ma, and Ar
eAr dating of K-feldspar from K-feldsparequartzechalcopyrite veins produces ages of ca. 269 and ca.
198 Ma. The mineralization (and alteration) ages correspond broadly to the three episodes of magmatic
intrusion, suggesting three overprinting porphyry mineralization events that are signiﬁcantly separated
in time. The ﬁrst episode of porphyry intrusion and mineralization may be related to the magmatic arc
being above a plate subduction zone, and the second was formed in a late-collisional environment during
the closing of the Junggar Ocean, whereas the third episode of mineralization took place in the post-
collisional stage. This case study suggests that in orogens where major porphyry deposits have been
found in magmatic arc environments, the potential of discovering late- to post-collisional porphyry
deposits cannot be neglected; conversely, in orogens where most porphyry deposits have late- to post-
collisional ages, more attention should be paid to porphyries that were formed earlier in magmatic arc
environments.
 2015, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Porphyry Cue(MoeAu) deposits occur mainly in Phanerozoic
orogenic belts, especially those of Meso-Cenozoic ages (Seedorff
et al., 2005). The origin of most porphyry deposits, particularly
those in the circum-Paciﬁc belt, is related to the subduction of
oceanic lithosphere (Sillitoe, 1972; Richards, 2003). However, aþ86 10 82322175.
of Geosciences (Beijing).
ijing) and Peking University. Produc
d/4.0/).number of porphyry Cue(Mo) deposits in the Tethyan-Himalayan
belt were formed in late- to post-collision tectonic environments
rather than subduction-associated magmatic arcs (Hou et al., 2003,
2009). Continental collision is commonly preceded by subduction
of oceanic plates. Therefore, it would be logical to infer that both
porphyry deposits related to plate subduction and to late- and post-
collision magmatic activities can be found in an orogenic belt that
has experienced continental collision. In central Asia, porphyry
deposits with ages ranging from early Paleozoic to early Mesozoic
were formed during the evolution of the Altaids, which is an
orogenic collage between the East European, Siberian, North China,
and Tarim cratons (Yakubchuk et al., 2001). So far, porphyrytion and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
Figure 1. Regional geological map of southeastern Altai, northern Xinjiang, China (modiﬁed from Zhang et al., 2008) showing the location of the Halasu area. The location of the
map region in China is shown as inset.
C. Xue et al. / Geoscience Frontiers 7 (2016) 799e809800deposits in this orogenic collage have been mainly related to
magmatic arcs in the plate subduction stage. For example, the giant
Oyu Tolgoi, Tsagaan Suvarga, and Erdenet CueMoeAu deposits in
Mongolia were all interpreted to have formed in magmatic arcs
ranging in age from ca. 411, 370 and 240 Ma ago before major
collisional events in different parts of the orogenic belt (Watanabe
and Stein, 2000; Perello et al., 2001; Yakubchuk et al., 2001). We
report here a case from the Chinese Altai where multiple porphyry
mineralizations related to magmatism from arc to late- and post-
collision environments occur in a small area at a deposit scale
over a time span of about 166 Ma. This porphyry CueAu deposit at
Halasu, Xingjiang, China, is located in the same tectonic belt
(Kazakh-Mongol arc) as the giant Oyu Tolgoi porphyry deposit
(Yakubchuk et al., 2001). The Halasu deposit is currently under
exploration and has a proven reserve of 0.4 Mt copper. In this paper
we describe the geologic characteristics of the magmatic rocks and
associated mineralization at Halasu, and provide new UePb,ReeOs, and AreAr ages dating multiple magmatic intrusions,
mineralizations, and hydrothermal alterations. The implications are
discussed for the exploration of porphyry deposits in orogenic belts
that have experienced subduction and collision.
2. Regional geologic setting
The Halasu CueAu deposit is located in the southeastern margin
of the Chinese Altai (Fig. 1), close to the intersection of the regional
NW-trending Erqis Fault and NNW-trending KeketuohaieErtai
Fault (Fig. 1). This area was part of the Paleo-Asian Ocean and the
Altai micro-continent between the Siberian and Tarim cratons
during the Paleozoic (Xu, 2003; Xiao et al., 2008). Between the Altai
micro-continent and the Siberian craton was the Sanair Ocean, and
south of the Altai micro-continent was the Junggar Ocean. As many
as four plate subduction zones were developed in the Junggar
Ocean and were preserved as suture zones following the closure of
Figure 2. Geological map of the Halasu area (A), and detailed geological maps of Yuleken Halasu (B) and Xilekete Halasu (C).
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2008). The Halasu area is in the footwall of the NE-dipping Erqis
Fault (Fig. 1), which is one of the suture zones, and is in the hanging
wall of another NE-dipping subduction zone to the south marked
by the Armantai ophiolite (Xiao et al., 2008).
The rocks in the region consist of: Sinian (Neo-Proterozoic)e
Cambrian ﬂysch succession of ﬁne-grained sandstones and silt-
stones; middle to upper Ordovician intermediate-felsic volcanic
rocks, sandstones and siltstones; minor upper Silurian siliciclastic
rocks; loweremiddle Devonian bimodal volcanic rocks; upper
Devonianelower Carboniferous intermediate-felsic volcanic rocks
and siliciclastic rocks; upper Carboniferous siliciclastic rocks all in
marine environments; and Permian continental volcanic rocks and
siliciclastic rocks and Meso-Cenozoic continental siliciclastic rocks.
The SinianeCambrian succession was formed in a passive-margin
setting along the south margin of the Altai micro-continent. The
marine sedimentary and volcanic rocks from middle Ordovician to
early Carboniferous were formed in various volcanic arc and inter-
arc environments above the Armantai subduction zone (Xiao et al.,
2008). The upper Carboniferous succession was formed in foreland
basin-type environments, and the Permian molasse-type sedi-
mentary rocks were formed in intermountain basins, whereas the
Meso-Cenozoic sedimentary rocks were deposited in intraplatecontinental basins developed upon previous tectonic elements
(Yakubchuk, 2004).
A number of granitoid intrusions of DevonianeCarboniferous
and Permian ages are exposed in the region, especially north of the
Erqis Fault (Fig. 1). Devonian intermediate-felsic porphyries occur
in the Halasu area. Abundant ultramaﬁc intrusions of Permian ages,
some with associated CueNi sulﬁde deposits, are also developed in
region both south and north of the Erqis Fault (Fig. 1).
The main structures in the region are NW-trending faults and
folds. Those north of the Erqis Fault were mainly of Caledonian age,
formed during the closure of the Sanair Ocean between the Altai
micro-continent and the Siberian craton in the Ordovician (Xu,
2003). The structures south of the Erqis Fault were mainly of Her-
cynian age, formed during the closure of the Junggar Ocean in late
Carboniferous and Permian. The NNW-trending KeketuohaieErtai
Fault (Fig. 1) with dextral-normal movement was developed in the
Triassic and has been active many times since then (Xiao and Tang,
1991).
3. Geological characteristics of the Halasu CueAu deposit
The Halasu CueAu deposit consists of two segments, i.e.,
Yuleken Halasu and Xilekete Halasu, which are 2.2 km apart (Fig. 2).
Figure 3. A geological cross section at Yuleken Halasu.
Figure 4. A geological cross section at Xilekete Halasu.
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tashan Formation, lower Carboniferous Jingbasitao Formation, and
Holocene sediments. The 1533 m thick Beitashan Formation is
comprised of basic volcanic and volcaniclastic rock, and can be
divided into two parts. The lower part consists of basalt and basaltic
tuff, and the upper part comprises of intermediate and basaltic
volcano-clastic rock with thin beds of basalt. The Jingbasitao For-
mation is 1869 m thick. It is comprised of well-rounded conglom-
erate and sandstone as well as andesite in the west part of the
deposit area, and of sandstone, siltstone and tuff in the eastern part
of the area with locally intercalated carbonaceous slate and marble.
The Halasu area is about 5 km south of the Erqis Fault. The main
structure in the area is an NW-trending, NE-dipping, overturned
anticline with the Beitashan Formation occurring in the axial part
and the Jingbasitao Formation in the two limbs (Fig. 2A). A fewNW-
trending faults are developed in the area that strike 290e320 and
dipping 45e85 to NE or SW (Fig. 2A). These faults show sinistral
strike-slip movement and may be secondary structures related to
the Erqis Fault. The NW-trending faults are commonly displaced by
NNW- to NS-trending faults showing dextral movement.
The Beitashan and Jingbasitao formations are intruded by
various magmatic intrusions of mainly Hercynian ages. Relatively
large intrusions in the area include the quartz diorite in the central
part, the monzogranite in the north, and the K-feldspar granite in
the southeast (Fig. 2A), none of which is associated with mineral-
ization. Various dykes and stocks are well developed in the deposit
area, including gabbro, amphibolite, dioritic porphyry, quartz dio-
rite, quartz dioritic porphyry, quartz monzonite, quartz-albite
porphyry, quartz syenitic porphyry, monzogranite, gneissic
granite, K-feldspar granite, granodioritic porphyry, and syenitic
porphyry (Fig. 2). CueAumineralization occursmainlywithin some
of these small intrusions and in the country rocks.
At Yuleken Halasu the CueAu mineralization is associated with
quartz monzonitic porphyry and porphyritic granite (Fig. 2B). The
quartz monzonitic porphyry intruded the Jingbasitao Formation,
and is in fault contact with porphyritic granite (Fig. 2B). At Xilekete
Halasu, the mineralization is associated with granodioritic por-
phyry and quartz dioritic porphyry (Fig. 2C). The granodioritic
porphyry intruded basic volcanic rocks of the Beitashan Formation,and the quartz dioritic porphyry occurs as lenses adjacent to the
granodioritic porphyry (Fig. 2C). CueAu mineralization occurs
mainly (>95%) within the associated porphyries; only minor
mineralization occurs in basalt of the Beitashan Formation, and
none is found in sedimentary rocks of the Jingbasitao Formation.
Orebodies outlined by a cut off grade of 0.3% Cu more or less follow
the shape of the intrusions (Figs. 3 and 4).
Figure 5. (A) Dissemination-type mineralization in granodioritic porphyry, Xilekete Halasu; (B) a K-feldspar-quartz-chalcopyrite vein in Xilekete Halasu; (C) chalcopyrite and pyrite
occur as disseminations in potassic altered granodioritic porphyry (reﬂected light); (D) chalcopyrite vein in biotite altered quartz dioritic porphyry (reﬂected light). Ccpechalco-
pyrite; Pyepyrite.
C. Xue et al. / Geoscience Frontiers 7 (2016) 799e809 803The Halasu deposit consists of supergene and hypogene ores.
The former are minor and within 30 m of surface, the latter account
for >95% of the ore reserves. The hypogene ores are characterized
by veinlet-dissemination-type mineralization (Fig. 5A) that are
overprinted by vein-type mineralization (Fig. 5B). Veinlet-
dissemination ores are characterized by pyriteechalcopyr-
iteemolybdenite assemblages with the pyrite and chalcopyrite
occurring mainly in disseminations (Fig. 5C and D) and the
molybdenite both in dissemination and veinlets (<1mm). This type
of ores generally contains 0.2e0.4 wt.% Cu, 0.01e0.02 wt.% Mo, and
0.12e0.65 g/t Au. The vein-type ores are characterized by
quartzepyriteechalcopyrite veins of 0.8e20 cm width with
0.67 wt.% (up to 2.21 wt.%) Cu and 0.17e0.83 g/t Au.
The mineralized porphyries and country rocks are extensively
altered. The main alteration minerals include K-feldspar, biotite,
chlorite, epidote, pyrite, quartz and calcite. From the orebodies
outward themain alteration type changes fromK-feldspar alterationTable 1
Description of the ore-bearing porphyry samples used for U-Pb zircon dating.
Lithology and
sample no.
Locality Occurrences Texture
Quartz monzonitic
porphyry
(ZR01)
Yuleken Halasu;
ZK0602 @ 124 m
Intruded into sandstone of
the C1j Formation
Porphyritic tex
and microcrys
Porphyritic granite
(ZR02)
Yuleken Halasu;
ZK0803 @ 380 m
In fault contact with quartz
monzonitic porphyry
Porphyritic tex
and microcrys
Granodioritic
porphyry (H01)
Xielekete Halasu;
drilling platform
ZK801
Intruded into basic volcanic
rocks of the D1b Formation
Porphyritic tex
and microcrys
groundmass
Dioritic porphyry
(H02)
Xielekete Halasu;
drilling platform
ZK801
Occurs as lenses adjacent to
granodioritic porphyry
Porphyritic tex
and microcrystobiotite alterationandthen topropylitic (chloriteeepidoteecalcite)
alteration. The K-feldspar alteration can be divided into two epi-
sodes: an early dispersive alteration that is overprinted by veins of
quartz, K-feldspar and sulﬁde minerals (pyrite and chalcopyrite).
4. Samples, analytical methods and results
As described above, there are four types of porphyries that are
associated with mineralization at the Halasu deposit: porphyritic
granite and quartzmonzonitic porphyry at Yuleken Halasu (Fig. 2B),
and granodioritic porphyry and quartz dioritic porphyry at Xiletete
Halasu (Fig. 2C). Each of them is associated with veinlet-
dissemination mineralization that is overprinted by vein-type
mineralization. The ages of porphyries, mineralization and alter-
ationwere determined using the UePb, ReeOs and AreAr methods
for magmatic zircon, molybdenite and hydrothermal K-feldspar,
respectively.Mineralogy
ture, phenocrysts (0.5e3.0 mm)
talline (<0.2 mm) groundmass
Phenocrysts are oligoclase and K-feldspar.
Groundmass are quartz, K-feldspar, biotite,
muscovite and minor apatite
ture, phenocrysts (0.5e2.0 mm)
talline (<0.1 mm) groundmass
Phenocrysts are quartz, K-feldspar and
oligoclase. Groundmass are quartz, K-feldspar
and biotite
ture, phenocrysts (0.3e2.0 mm)
talline (0.05e0.2 mm)
Phenocrysts are oligoclase and K-feldspar.
Groundmass are quartz, amphibole, biotite and
minor magnetite
ture, phenocrysts (0.4e2.0 mm)
talline (<0.1 mm) groundmass
Phenocrysts are andesine and amphibole.
Groundmass are quartz, amphibole and minor
apatite
Figure 6. Cathodoluminescence (CL) images of zircon crystals from quartz monzonitic porphyry (sample ZR01, A), porphyritic granite (sample ZR02, B), granodioritic porphyry
(sample H01, C), and quartz dioritic porphyry (sample H02, D).
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Samples of mineralized quartz monzonitic porphyry (ZR01) and
porphyritic granite (ZR02) were collected from drill core ZK0602 at
124 m and drill core ZK0803 at 380 m, respectively, at Yuleken
Halasu. Samples of mineralized granodioritic porphyry (H01) and
quartz dioritic porphyry (H02) were collected from the newly
exposed surface at the drilling platform ZK801 at Xilekete Halasu.
Detailed description of theses samples can be found in Table 1. Each
sample weighed about 5 kg and was crushed to 80e100 mesh.
Zircon grains were separated using gravity methods and hand
picking. Most of the zircon grains showed euhedral crystal shape
(Fig. 6A, C and D), but in one sample (ZR02) the zircon crystals were
mostly broken (Fig. 6B). Most zircon grains showed oscillatory
zoning (Fig. 6), which is typical of magmatic zircon (Hoskin and
Schaltegger, 2003).
Six samples of veinlet-dissemination ores in granodioritic por-
phyry from Xilekete Halasu were collected from drill cores ZK803
and ZK003 for the age determination of molybdenite using the
ReeOs isochron method. Molybdenite occurs as dissemination and
veinlets (<1 mm). Pure molybdenite was separated from veinlets
using a knife, and was checked with a microscope for purity.
Two samples of vein-type ores were collected from Yuleken
Halasu for determination of the ages of hydrothermal K-feldspar
using the AreAr method. Ar-1 is a chalcopyrite-bearing K-feldspar
vein developed in mineralized quartz monzonitic porphyry and it
was collected from drill core ZK0602 at 130 m. Ar-2 is also a
chalcopyrite-bearing K-feldspar vein, and it was developed in
mineralized porphyritic granite. Ar-2 was collected from drill core
ZK0803 at 380 m. K-feldspar was cut from the veins, crushed to
60e80 meshes, and handpicked with a microscope.
4.2. Analytical methods
UePb isotopes of zircons from samples ZR01 and ZR02 were
analyzed using the LA-MC-ICP-MS method at the State Key Labo-
ratory of Continental Geodynamics, Northwestern University,China, as described in Yuan et al. (2008). Samples H01 and H02
were analyzed using SHRIMP-II at the Beijing Ion Microprobe
Center, Chinese Academy of Geological Sciences. Detailed analytical
procedures were described in Liu et al. (2006). The analytical re-
sults are listed in Tables 2 and 3 and illustrated in Fig. 7.
The molybdenite samples were analyzed for Re and Os isotopes
with the TJA X-Series ICP-MS in the Chinese Academy of Geological
Sciences. The analytical procedure is described in Du et al. (2004).
The K-feldspar samples were subject to radiation for 3025 min
in the nuclear reactor at the Chinese Academy of Nuclear Energy
and then analyzed by the AreAr method with a MM-1200B spec-
trometry at the Laboratory of Isotopic Geology, Chinese Academy of
Geological Sciences. The analytical procedure is described in Chen
et al. (2006).
4.3. Results
Zircon crystals from ZR01 (quartz monzonitic porphyry from
Yuleken Halasu) havewell-developed euhedral shape (Fig. 6A) with
Th/U ratios from 0.11 to 0.36 (Table 2), which are consistent with a
magmatic origin (Belousova et al., 2002). Of the 20 zircon grains
analyzed,19 yield 206Pb/238U ages from 248 2.7 to 280.2 3.3 Ma,
with one outlier (ZR01-07) at 372.7  4.1 Ma (Table 2). Excluding
this anomaly, the weighted average age for sample ZR01 is
265.6  3.7 Ma (Fig. 7A).
Zircon grains from ZR02 (porphyritic granite from Yuleken
Halasu) are mostly broken but zoning typical of magmatic zircon is
well preserved. Th/U ratios mainly fall in the range from 0.10 to 0.95
(Table 2), also suggesting a magmatic origin (Belousova et al.,
2002). 206Pb/238U ages obtained from the 24 grains range from
371.1  4.2 to 391.1  4.0 Ma (Table 2), with an average age of
381.6  2.5 Ma (Fig. 7B).
Samples H01 (granodioritic porphyry, Xilekete Halasu) and H02
(quartz dioritic porphyry from Xilekete Halasu) contain zircons
with a well developed euhedral shape (Fig. 6C and D). The Th/U
ratios range from 0.32 to 0.83 for H01 (Table 3) and from 0.37 to
0.54 for H02 (Table 3), consistent with a magmatic origin
Table 2
Results of LA-MC-ICP-MS U-Pb dating of zircon from ore-bearing quartz monzonitic porphyry and porphyritic granite, Yuleken Halasu.
Spot 232Th 238U 206Pb Th/U 207Pb/206Pb  1s 207Pb/235U  1s 206Pb/238U  1s Age (Ma)
(ppm) (ppm) (ppm) 207Pb/206Pb  1s 207Pb/235U  1s 206Pb/238U  1s
Quartz monzonitic porphyry (ZR01)
ZR01-01 1644.41 7867.25 0.25 0.21 0.05460  0.00151 0.34596  0.00908 0.04442  0.00053 469.7  58.41 301.7  6.85 280.2  3.27
ZR01-02 8932.99 36,700.95 2.27 0.24 0.05470  0.00093 0.31980  0.00543 0.04239  0.00046 400.1  37.29 281.8  4.17 267.6  2.85
ZR01-03 1721.98 4748.47 0.30 0.36 0.05944  0.00161 0.35110  0.00936 0.04282  0.00051 583.4  57.89 305.5  7.04 270.3  3.18
ZR01-04 1948.15 8201.65 0.52 0.24 0.06035  0.00163 0.35306  0.00938 0.04242  0.00051 616.2  57.40 307.0  7.04 267.8  3.15
ZR01-05 1936.20 6142.27 0.38 0.32 0.05433  0.00177 0.30870  0.00987 0.04120  0.00052 384.7  71.42 273.2  7.66 260.3  3.21
ZR01-06 2818.26 1011.78 0.69 0.26 0.05770  0.00146 0.33233  0.00825 0.04177  0.00049 517.9  54.83 291.3  6.29 263.8  3.03
ZR01-07 2432.20 8578.96 0.76 0.28 0.05495  0.00122 0.45101  0.00986 0.05953  0.00067 410.0  48.64 378.0  6.90 372.7  4.11
ZR01-08 3513.63 20,485.69 1.32 0.17 0.05783  0.00115 0.34786  0.00680 0.04363  0.00048 522.9  43.19 303.1  5.12 275.3  2.99
ZR01-09 1941.01 9476.33 0.59 0.21 0.05607  0.00199 0.31419  0.01089 0.04064  0.00053 454.9  76.68 277.4  8.41 256.8  3.28
ZR01-10 1645.07 15,367.53 0.89 0.11 0.05588  0.00113 0.30218  0.00599 0.03922  0.00043 447.1  43.95 268.1  4.67 248.0  2.70
ZR01-11 1213.74 6299.87 0.43 0.19 0.05795  0.00234 0.34607  0.01362 0.04331  0.00060 527.5  86.46 301.8  10.27 273.3  3.72
ZR01-12 2870.12 12,544.35 0.82 0.23 0.05932  0.00143 0.35247  0.00831 0.04310  0.00050 578.8  51.71 306.6  6.24 272.0  3.07
ZR01-13 2547.19 13,433.53 0.84 0.19 0.05781  0.00133 0.32932  0.00737 0.04131  0.00047 522.4  49.87 289.0  5.63 261.0  2.91
ZR01-14 7318.87 23,366.66 1.46 0.31 0.05218  0.00127 0.29488  0.00697 0.04098  0.00047 293.4  54.45 262.4  5.47 258.9  2.91
ZR01-15 2264.14 9190.14 0.59 0.25 0.05701  0.00148 0.33361  0.00841 0.04244  0.00050 491.3  56.82 292.3  6.40 267.9  3.07
ZR01-16 1776.90 9825.52 0.63 0.18 0.05250  0.00138 0.30575  0.00779 0.04224  0.00049 307.0  58.53 270.9  6.05 266.7  3.05
ZR01-17 5613.77 37,751.83 2.41 0.15 0.05764  0.00131 0.32937  0.00722 0.04143  0.00047 515.9  49.33 289.1  5.51 261.7  2.91
ZR01-18 1664.88 8048.93 0.52 0.21 0.06409  0.00181 0.37150  0.01016 0.04203  0.00051 744.6  58.70 320.8  7.52 265.4  3.16
ZR01-19 4170.30 16,728.73 1.11 0.25 0.05293  0.00125 0.31610  0.00723 0.04330  0.00049 325.9  52.82 278.9  5.58 273.2  3.05
ZR01-20 3297.03 13,727.47 0.89 0.24 0.05237  0.00130 0.30421  0.00727 0.04212  0.00049 301.4  55.43 269.7  5.66 265.9  3.00
Porphyritic granite (ZR02)
ZR02-01 65,107.59 68,663.13 8.76 0.95 0.05484  0.00088 0.45321  0.00709 0.05993  0.00062 405.8  35.07 379.5  4.95 375.2  3.80
ZR02-02 28,853.06 67,087.56 8.45 0.43 0.05417  0.00079 0.46431  0.00665 0.06215  0.00064 378.1  32.59 387.2  4.61 388.7  3.90
ZR02-03 163,716.60 113,392.20 15.61 1.44 0.05384  0.00101 0.45618  0.00837 0.06144  0.00066 364.3  41.79 381.6  5.84 384.4  3.99
ZR02-04 9611.07 24,164.92 2.62 0.40 0.05419  0.00082 0.46571  0.00690 0.06232  0.00065 378.9  33.67 388.2  4.78 389.7  3.93
ZR02-05 21,327.52 46,090.30 5.17 0.46 0.05424  0.00092 0.45605  0.00763 0.06109  0.00065 376.7  37.96 381.5  5.32 382.2  3.93
ZR02-06 4380.84 17,009.24 1.90 0.26 0.05482  0.00109 0.45722  0.00888 0.06048  0.00066 405.0  43.40 382.3  6.19 378.5  4.00
ZR02-07 13,886.93 51,052.45 5.75 0.27 0.05413  0.00083 0.46420  0.00698 0.06219  0.00065 376.3  34.10 387.2  4.84 388.9  3.96
ZR02-08 13,811.39 29,572.47 3.27 0.47 0.05316  0.00090 0.45858  0.00762 0.06255  0.00067 335.7  37.66 383.3  5.30 391.1  4.04
ZR02-09 523.02 5284.07 1.71 0.10 0.05266  0.00097 0.45388  0.00827 0.06251  0.00067 314.0  41.48 380.0  5.77 390.9  4.09
ZR02-10 6939.40 16,484.46 1.81 0.42 0.05447  0.00089 0.45840  0.00736 0.06103  0.00065 390.5  35.90 383.1  5.13 381.9  3.94
ZR02-11 22,348.03 55,465.92 6.51 0.40 0.05447  0.00089 0.45284  0.00988 0.06009  0.00068 390.5  35.90 379.3  6.90 376.2  4.11
ZR02-12 11,181.63 31,188.44 3.56 0.36 0.05835  0.00142 0.47676  0.01142 0.05925  0.00069 543.0  51.99 395.8  7.85 371.1  4.18
ZR02-13 507.39 5155.33 1.69 0.10 0.05460  0.00095 0.45997  0.00793 0.06109  0.00066 396.0  38.42 384.2  5.52 382.2  4.03
ZR02-14 18,575.03 33,869.78 3.75 0.55 0.05416  0.00100 0.46094  0.00845 0.06173  0.00068 377.0  41.12 384.9  5.87 386.1  4.12
ZR02-15 15,551.59 22,994.38 2.29 0.68 0.05470  0.00097 0.45960  0.00808 0.06093  0.00067 400.1  38.88 384.0  5.62 381.2  4.05
ZR02-16 6060.99 17,339.10 1.92 0.35 0.05421  0.00091 0.44964  0.00753 0.06014  0.00065 379.8  37.44 377.0  5.28 376.5  3.97
ZR02-17 48,095.43 45,839.11 12.32 0.85 0.05466  0.00105 0.44794  0.00857 0.05942  0.00066 398.5  42.36 375.8  6.01 372.1  4.02
ZR02-18 4913.11 16,918.31 1.86 0.29 0.05357  0.00102 0.45909  0.00869 0.06214  0.00069 352.9  42.53 383.6  6.04 388.6  4.19
ZR02-19 23,472.42 42,470.32 4.80 0.55 0.05690  0.00119 0.47499  0.00988 0.06053  0.00069 487.0  45.58 394.6  6.80 378.8  4.21
ZR02-20 30,690.61 50,879.52 5.67 0.60 0.05706  0.00114 0.47187  0.00941 0.05996  0.00068 493.1  43.42 392.5  6.49 375.4  4.15
ZR02-21 501.13 5135.24 1.72 0.10 0.05517  0.00107 0.45879  0.00891 0.06030  0.00068 418.8  42.03 383.4  6.20 377.4  4.16
ZR02-22 51,688.18 91,543.97 11.2 0.57 0.05409  0.00155 0.45529  0.01293 0.06102  0.00076 374.7  63.05 381.0  9.02 381.8  4.62
ZR02-23 101,798.00 115,342.30 15.71 0.88 0.05277  0.00126 0.44314  0.01056 0.06088  0.00072 318.8  53.21 372.5  7.43 381.0  4.40
ZR02-24 36,371.21 30,079.77 3.79 1.21 0.05427  0.00141 0.45179  0.01166 0.06035  0.00073 382.2  57.01 378.5  8.15 377.8  4.47
C. Xue et al. / Geoscience Frontiers 7 (2016) 799e809 805(Belousova et al., 2002). For H01, among the 11 zircon grains, one
(H01-11) has a 206Pb/238U age of 940  25 Ma that is likely
inherited, while the others have 206Pb/238U ages from 370  16 to
387  13 Ma (Table 3). The average age excluding the inherited one
is 371.8  9.6 Ma (Fig. 7C). For H02, the 11 analyzed zircon grains
yield 206Pb/238U ages ranging from 199.1  7.1 to 227.7  6.9 Ma
(Table 3) with an average of 215.8  4.6 Ma (Fig. 7D).
The ReeOs molybdenite analytical results are shown in Table 4.
The 187Ree187Os plot shows a positive linear correlation with a
correlation coefﬁcient of 0.995, and the regression line passes
through the origin (Fig. 8). The calculated isochron age is
376.9  2.2 Ma (Fig. 8).
The AreAr K-feldspar analytical results are listed in Table 5 and
illustrated in Fig. 9. The isochron and inverse isochron ages for Ar-1
are 269 15 and 269 16Ma, respectively, which are similar to the
plateau age of 269.2  3.2 Ma (Fig. 9A). The isochron and inverse
isochron ages for Ar-2 are 198  17 and 198  19 Ma, respectively,
and they are also similar to the plateau age of 198.4  2.3 Ma
(Fig. 9B).5. Discussion and conclusions
Recent geochronological studies by Wu et al. (2015) suggest
three episodes of magmatism in the Halasu area, e.g., pre-
mineralization stage (ca. 390 Ma), syn-mineralization stage
(382e372 Ma) and post-mineralization stage (350e320 Ma). Pre-
vious ReeOs dating of molybdenite fromYuleken Halasu Cu deposit
yielded an isochrone age of 373.9  2.2 Ma (Yang et al., 2012),
which is slightly younger than the age of syn-mineralization por-
phyries (382e372 Ma; Wu et al., 2015). Based on our investigation
and zircon UePb dating, we believe that there are at least three
episodes of magmatic intrusions associated with copper minerali-
zation in this area.
The ﬁrst episode is represented by porphyritic granite at
Yuleken Halasu (ca. 382 Ma) and granodioritic porphyry at Xilekete
Halasu (ca. 372 Ma). The second episode is represented by quartz
monzonitic porphyry at Yuleken Halasu (ca. 266 Ma), and the third
by quartz dioritic porphyry at Xilekete Halasu (ca. 216 Ma). These
episodes are in late Devonian, late Permian, and late Triassic,
Table 3
Results of U-Pb dating of zircon from ore-bearing granodioritic porphyry and quartz dioritic porphyry, Xilekete Halasu.
Spot 206Pb (%) U (ppm) Th (ppm) Th/U 232Th/238U 206Pb*(ppm) 206Pb/238U age (Ma) 207Pb*/206Pb % 207Pb*/235U % 206Pb*/238U %
Granodioritic porphyry (sample H01)
H01-1 2.68 96 57 0.59 0.61 5.26 378  13 0.0908 9.0 0.774 9.7 0.0618 3.4
H01-2 1.17 608 506 0.83 1.24 26.2 374  11 0.0558 5.3 0.459 6.1 0.0597 2.9
H01-3 2.66 91 40 0.44 0.45 4.81 374  13 0.0590 13 0.486 13 0.0597 3.5
H01-4 7.90 80 30 0.34 0.39 4.42 372  15 0.0500 36 0.410 36 0.0593 4.0
H01-5 6.18 131 55 0.42 0.44 7.08 370  13 0.0700 23 0.570 23 0.0590 3.5
H01-6 4.44 107 42 0.39 0.41 5.84 381  13 0.0780 16 0.650 16 0.0608 3.6
H01-7 7.88 87 36 0.41 0.43 4.91 379  14 0.0870 26 0.730 26 0.0606 3.9
H01-8 10.27 66 21 0.32 0.33 3.76 371  16 0.0540 44 0.440 44 0.0593 4.5
H01-9 12.69 87 49 0.56 0.58 5.04 370  16 0.0350 74 0.280 74 0.0591 4.5
H01-10 5.58 76 26 0.34 0.36 4.13 374  20 0.0480 33 0.390 34 0.0597 5.4
H01-11 0.39 814 260 0.32 0.33 110 940  25 0.0800 1.9 1.730 3.4 0.1569 2.8
Quartz dioritic porphyry (sample H02)
H02-1 1.74 378 153 0.41 0.42 11.2 215.4  6.8 0.0542 10 0.254 11 0.0340 3.2
H02-2 1.91 403 162 0.40 0.42 11.1 199.1  7.1 0.0438 14 0.190 14 0.0314 3.6
H02-3 2.52 635 254 0.40 0.41 19.1 217.0  6.4 0.0542 11 0.256 12 0.0342 3.0
H02-4 7.46 423 184 0.44 0.45 13.8 223.0  7.1 0.0540 21 0.263 21 0.0352 3.2
H02-5 5.39 285 106 0.37 0.38 8.68 213.2  6.9 0.0400 27 0.186 27 0.0336 3.3
H02-6 3.78 420 222 0.53 0.55 13.2 223.5  6.8 0.0664 15 0.323 15 0.0353 3.1
H02-7 1.89 450 194 0.43 0.44 13.9 223.1  6.8 0.0641 14 0.311 14 0.0352 3.1
H02-8 4.80 417 216 0.52 0.54 12.6 212.7  6.8 0.0571 17 0.264 17 0.0335 3.2
H02-9 3.12 393 214 0.55 0.56 12.5 227.7  6.9 0.0790 13 0.390 13 0.0360 3.1
H02-10 2.28 387 164 0.42 0.44 12.2 227.6  7.2 0.0770 10 0.381 11 0.0359 3.2
H02-11 6.75 222 82 0.37 0.38 6.97 216.6  7.6 0.0730 20 0.346 21 0.0342 3.6
Figure 7. 207Pb/235U e 206Pb/238U concordia plots of zircon crystals from quartz monzonitic porphyry (sample ZR01, A), porphyritic granite (sample ZR02, B), granodioritic porphyry
(sample H01, C), and quartz dioritic porphyry (sample H02, D). Ranges of ages calculated from 206Pb/238U for individual grains are shown in the upper left corner.
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Table 4
Results of Re-Os dating of molybdenite from veinlet-dissemination ores in granodioritic porphyry, Xilekete Halasu.
Sample no. Sample weight (g) Re (ng/g) 2s Os (ng/g) 2s 187Re (ng/g) 2s 187Os (ng/g) 2s Model age (Ma) 2s
1000 0.00105 585,140 4477 0.0019 0.5314 367,796 2814 2318 18 377.1 4.4
1001 0.00119 817,944 7852 0.0016 0.4503 514,127 4935 3239 23 377.0 4.8
803-5 0.00150 555,038 5569 0.0008 0.2185 348,875 3500 2191 17 375.8 5.0
803 0.00797 62,483 498 0.0001 0.0148 39,274 313 246 2 375.1 4.7
003-4 0.00102 550,558 4477 0.0010 0.3700 346,058 2814 2174 16 375.9 4.5
803-10 0.00228 901,319 8189 0.0313 1.2500 566,533 5147 3575 32 377.6 5.1
Figure 8. ReeOs isochron of molybdenite from veinlet-dissemination ores in grano-
dioritic porphyry, Xilekete Halasu.
Table 5
Results of AreAr dating of K-feldspar from vein-type ores in quartz monzonitic porphyry
Stage T (C) (40Ar/39Ar)m (36Ar/39Ar)m (37Ar/39Ar)m (38Ar/39Ar)m 40Ar (10
Sample Ar-1
1 800 19.7471 0.0301 1.2564 0.0253 55.45
2 900 7.7200 0.0023 0.6996 0.0100 91.74
3 1000 8.9246 0.0078 0.6753 0.0212 71.46
4 1100 8.8817 0.0004 0.1594 0.0126 98.78
5 1130 9.3684 0.0007 0.2002 0.0131 97.76
6 1160 9.7272 0.0006 0.0407 0.0101 98.07
7 1200 10.4430 0.0007 0.3822 0.0124 98.29
8 1260 12.2628 0.0009 0.0453 0.0131 97.88
9 1290 12.6516 0.0010 0.0353 0.0147 97.56
10 1320 12.8712 0.0022 1.2444 0.0148 95.54
11 1400 14.3706 0.0106 7.8772 0.0296 81.99
Sample Ar-2
1 700 118.7264 0.2456 0.0000 0.0721 38.86
2 800 15.4946 0.0232 0.9532 0.0191 56.24
3 900 7.3229 0.0020 0.0000 0.0124 91.78
4 930 7.5516 0.0001 0.0000 0.0121 99.69
5 980 7.9630 0.0005 0.0180 0.0129 98.21
6 1010 8.2017 0.0002 0.0431 0.0124 99.27
7 1040 8.8274 0.0003 0.0033 0.0123 99.06
8 1070 8.8249 0.0003 0.0000 0.0135 98.85
9 1100 9.0447 0.0005 0.0406 0.0132 98.25
10 1130 9.0852 0.0011 0.3675 0.0129 96.57
11 1180 9.6246 0.0008 0.0000 0.0123 97.62
12 1210 10.5872 0.0008 0.1534 0.0123 97.94
13 1240 11.6692 0.0010 0.2705 0.0127 97.65
14 1270 12.2867 0.0012 0.0000 0.0139 97.05
15 1300 12.7224 0.0010 0.0432 0.0123 97.77
16 1330 12.9708 0.0014 0.7607 0.0153 97.16
17 1400 13.6300 0.0040 0.7372 0.0160 91.78
18 1420 18.0903 0.0196 3.5442 0.0293 69.36
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granodioritic porphyry in Xieliete Halasu is similar to those of the
zircon UePb ages (ca. 382e372 Ma), and also consistent with the
age range (379e372 Ma) of various syn-mineralization granitoids
recently dated by Wu et al. (2015), thus conﬁrming that there was
mineralization associated with the ﬁrst episode of magmatic
intrusion in the late Devonian; the AreAr age (ca. 269 Ma) of K-
feldspar from vein-type ore in quartz monzonitic porphyry is
similar to that of zircon UePb age of quartz monzonitic porphyry
(ca. 266 Ma), suggesting there was a mineralization event associ-
ated with the second episode of magmatic intrusion in the late
Permian. The AreAr age (ca. 198 Ma) of K-feldspar from vein-type
ore in porphyritic granite may be compared to the zircon UePb
age of the mineralized quartz dioritic porphyry (ca. 216 Ma), sug-
gesting that a third mineralization event was associated with the
third episode of magmatic intrusion in the late Triassic.
The study areawas located above the Armantai subduction zone
during the late Devonian (Xiao et al., 2008). The syn-mineralization
ca. 382 Ma porphyritic granite and ca. 372 Ma granodioritic por-
phyry of the ﬁrst intrusive episode were likely formed in a
magmatic arc setting related to this subduction event. The
porphyritic granite has (87Sr/86Sr)initial values ranging from 0.70343
to 0.70423 and 3Nd values from 12.0 to 12.5 (Xue et al., unpublished(Ar-1) and porphyritic granite (Ar-2), Yuleken Halasu.
2) 40Ar*/39Ar 39Ar (1014 mol) Summation 39Ar (102) Age (Ma) 1s
10.9603 1.21 0.08 244.0 19
7.0866 6.50 0.51 161.7 2.3
5.6660 0.90 0.57 130.0 5.8
8.7746 487.85 32.72 198.2 2.3
9.1598 414.29 60.03 206.4 2.7
9.5357 93.57 66.19 214.5 4.7
10.2678 101.72 72.90 229.8 3.7
12.0029 177.56 84.60 266.0 2.7
12.3433 155.50 94.85 273.0 3.7
12.3091 68.06 99.34 272.3 2.8
11.8573 10.09 100.00 263.0 5.2
46.1397 2.17 0.06 860.0 37
8.7202 23.63 0.70 197.2 5.7
6.7211 159.35 5.01 153.8 2.1
7.5284 46.16 6.26 171.4 2.0
7.8207 43.65 18.08 177.8 1.8
8.1418 444.53 30.11 184.7 2.8
8.7444 409.18 41.19 197.7 2.2
8.7236 298.01 49.25 197.2 2.4
8.8865 291.07 57.13 200.7 2.1
8.7758 91.90 59.62 198.3 3.1
9.3956 544.01 74.35 211.6 3.6
10.3708 210.66 80.05 232.2 3.2
11.3977 284.36 87.75 253.6 2.6
11.9241 148.47 91.76 264.5 3.8
12.4386 224.08 97.83 275.1 3.2
12.6103 20.18 98.38 278.6 2.8
12.5175 48.99 99.70 276.7 4.2
12.5830 10.97 100.00 278.0 4.4
Figure 9. The AreAr plateau ages of K-feldspar from vein-type ores in quartz mon-
zonitic porphyry (Ar-1) and porphyritic granite (Ar-2), Yuleken Halasu.
C. Xue et al. / Geoscience Frontiers 7 (2016) 799e809808data), and the granodioritic porphyry has (87Sr/86Sr)initial values of
0.703833e0.704104 and 3Nd values of 7.3e8.5 (Zhang et al., 2008).
These isotopic ranges are comparable with those of the host vol-
canic rocks of the middle Devonian Beitashan Formation and to
MORB and OIB (Zhang et al., 2008), suggesting a volcanic arc
environment.
The second episode of magmatic intrusion and mineralization
(ca. 266Ma) took place either during or soon after the closure of the
Junggar Ocean in late Permian (Xiao et al., 2008), more than 100Ma
after the arc-related magmatism and porphyry Cu mineralization.
The (87Sr/86Sr)initial values of 0.70477e0.70500 and 3Nd values of
8.9e10.1 for the quartz monzonitic porphyry (Xue et al., unpub-
lished data), however, are comparable to those of the arc-related
intrusions in the ﬁrst episode and also suggest a mantle origin. It
is worth noting that there are a number of ultramaﬁc intrusions in
the area and that a CueNie(PGE) sulﬁde deposit occurs at Kela-
tongke, about 36 km from Halasu (Fig. 1). The zircon UePb ages for
the ultramaﬁc rocks at Kelatongke are ca. 274e287 Ma (Han et al.,
2004), and ReeOs isochron age of the massive sulﬁde ores is ca.Table 6
Summary of geochronological data at Halasu and adjacent area.
Locality Rocks
Xilekete Halasu Cu deposit Granodioritic porphyry
Xilekete Halasu Cu deposit CueMo ores
Yuleken Halasu Cu deposit Porphyritic granite
Yuleken Halasu Cu deposit Chalcopyrite-bearing K-feldspar vein
Yuleken Halasu Cu deposit Quartz monzonitic porphyry
Xilekete Halasu Cu deposit Quartz dioritic porphyry
Yuleken Halasu Cu deposit Chalcopyrite-bearing K-feldspar vein
Yuleken Halasu Cu deposit Porphyritic syenite
Halasu III Cu prospect Porphyritic syenite
Halasu II Cu prospect Syn-mineralization Quartz diorite
Halasu II Cu prospect Syn-mineralization Quartz diorite
Halasu II Cu prospect Granodiorite
Yuleken Halasu Cu deposit Granodiorite porphyry
Dunke’erman Cu prospect Diorite porphyry
Dunke’erman Cu prospect Diorite porphyry
Halasu III Cu prospect Alkali granite porphyry
Yuleken Halasu Cu deposit CueMo ores
Kalatongke CueNi deposit Maﬁc intrusion
Kalatongke CueNi deposit Maﬁc intrusion
Kalatongke CueNi deposit CueNi ores
Kalatongke CueNi deposit CueNi ores282e290 Ma (Zhang et al., 2005) (Table 6). It seems that during the
closing process of the Junggar Ocean, certain parts were under
extension while other parts were experiencing collision.
The third episode ofmagmatism andmineralization (ca. 216Ma)
occurred long after the collisional event. However, the
(87Sr/86Sr)initial values (0.7022e0.7043) and 3Nd values (6.7e7.1) of
the quartz dioritic porphyry (Wan and Zhang, 2006) again suggest a
mantle origins for the magma.
From these age data, it appears that the study area has had a
connection with the mantle over a prolonged period of time. Based
on the studies of picrite in the middle Devonian Beitashan For-
mation, Chen et al. (2004) proposed that the areawas located above
a mantle plume. This mantle plume may have been responsible for
multiple mantle-derived magmatic and related mineralization
events over a long period of time. The special tectonic environment
of the area, i.e., near the intersection between the regional Erqis
Fault and KeketuohaieErtai Fault, may have enabled the ascending
mantle-derived magma to intrude into the shallow parts of the
crust. Alternatively, the late- to post-collisional magmatismmay be
related to an ascension of the asthenosphere triggered by the
break-off and tearing-apart of the subducting plate (Hou et al.,
2009).
This case study indicates that multiple porphyry CueAu
mineralization events may occur in a limited area over a long
period of time in tectonic environments ranging from magmatic
arcs related to subduction of oceanic plates to late- and post-
collisional magmatism. The mechanisms of mantle-derived mag-
matism in the late- and post-collisional stages have not been as
well understood as those related to plate subduction, and they may
be associated with mantle plumes or hot spots or to asthenosphere
upwellings related to breaking of the subducting plate beneath the
collision belt. Favorable conditions for the superposition of multiple
porphyry mineralization may include the closeness to subduction
zones and the intersections of major faults. The Halasu deposit is
located close to the Erqis suture zone and the intersection between
the Erqis Fault and the Keketuohai-Ertai Fault (Fig. 1), and it is on
the hanging wall of the Armantai subduction zone. Porphyry
CueAu mineralization was ﬁrst related to the magmatic arc above
the Armantai subduction zone during the late Devonian, and then
overprinted by porphyries and mineralization in the late Permian
and late Triassic during the late- and post-collisional stages
(Table 6).Age (Ma) Methods References
371.8  9.6 Zircon UePb this study
376.9  2.2 Molybdenite ReeOs this study
381.6  2.5 Zircon UePb this study
269.2  3.2 K-feldspar AreAr this study
265.6  3.7 Zircon UePb this study
215.8  4.6 Zircon UePb this study
198.4  2.3 K-feldspar AreAr this study
390.7  2.4 Zircon UePb Wu et al. (2015)
390.0  1.9 Zircon UePb Wu et al. (2015)
379.0  2.8 Zircon UePb Wu et al. (2015)
378.1  2.4 Zircon UePb Wu et al. (2015)
378.0  3.8 Zircon UePb Wu et al. (2015)
377.3  2.8 Zircon UePb Wu et al. (2015)
374.1  3.3 Zircon UePb Wu et al. (2015)
372.4  3.3 Zircon UePb Wu et al. (2015)
327.0  2.1 Zircon UePb Wu et al. (2015)
373.9  2.2 Molybdenite ReeOs Yang et al. (2012)
274.0  3.0 Zircon UePb Han et al. (2004)
287.0  5.0 Zircon UePb Han et al. (2004)
282.5  4.8 Sulﬁde ReeOs Zhang et al. (2005)
290.2  6.9 Sulﬁde ReeOs Zhang et al. (2005)
C. Xue et al. / Geoscience Frontiers 7 (2016) 799e809 809From this study, it is inferred that in orogens that have experi-
enced subduction and collisional events, multiple porphyry min-
eralizations in different tectonic stages are possible. In orogens such
as those in Mongolia where major porphyry deposits have been
found in magmatic arc environments, the potential for discovering
late- to post-collisional porphyry deposits cannot be neglected.
Conversely, in orogens such as the Himalayas, where most por-
phyry deposits discovered so far are of late- to post-collisional ages,
more attention should be paid to porphyries formed earlier in
magmatic arc environments.
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